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1 Introduction

A precise measurement of the pair production of electroweak bosons provides direct informa-
tion on trilinear gauge couplings (TGC), the least well-measured couplings of the electroweak
sector of the standard model (SM). The self-interactions predicted among the gauge bosons in
the SM determine all possible TGC, and any deviation from these values would be indicative
of the presence of new physics. Electroweak measurements at LEP [1-4], the Tevatron [5-
10], and the LHC [11-13] have already explored some of the parameter space of anomalous
TGC (aTGC). Previous results from LHC are limited by insufficient statistics of the data, and
a significant improvement in precision of TGC measurements at LHC energies is expected at
7 and 8 TeV. Extensions of the SM predict additional processes with multiple bosons in the fi-
nal state. If such phenomena contribute at large energy scales, i.e. beyond the mass reach of
LHC, nevertheless causes changes in TGC. Precise measurements of diboson properties and
their cross sections, therefore, also crucial for correct interpretation of production of Higgs-like
bosons at the LHC and their primary backgrounds. Among the electroweak diboson produc-
tion processes at hadron colliders, Wy and Z+ final states have the highest yields, next to ¢y
production. Background processes to Wy and Z+y are significantly suppressed as a result of the
ability to identify heavy vector bosons. Hence, these processes are optimal for measuring TGC
and checking thereby the SM description of the electroweak sector of the LHC.

Figure 1: Feynman diagrams of Vv production, with V and V’ corresponding to both virtual
and real , W, and Z bosons. The three diagrams reflect contributions from (a) initial-state and
(b) final state radiation, and (c) TGC. The TGC diagram does not contribute at the lowest order
to Z+ production as photons do not couple to particles without electric charge.

This paper describes the analysis of inclusive Wy+X and Zy+X events, collectively referred
to as “Vvy 4+ X” production, using leptonic decays of the V: W — ev, W — nv, Z — ee, and
Z — up observed in pp collisions at center-of-mass energy 7 TeV, in data corresponding to 5
fb~! of integrated luminosity. V-y production at the lowest “tree” level in electroweak theory
can be represented by the Feynman diagrams of Fig. 1. Three processes contribute: (a) initial
state radiation, where a photon is radiated by one of the incoming virtual partons, (b) final
state radiation, where a photon is radiated off one of the charged leptons from V decay, and (c)
TGC of WW+ for W+ production, and of ZZ+y and Zvy for Z+ production. In the SM, the TGC
process is allowed only for W+ production, as there are no neutral TGC contributions at three
level.
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2 3 Selection of Candidate Events

The production cross section for each W+ channel at next-to-leading order is 31.18 + 1.8 pb [14]
for photon transverse momenta > 15 GeV and the angular separation between the charged
lepton and photon, AR, be larger than 0.7. The equivalent production cross section for each of
the Zv channels is 5.45 + 0.27 pb.

2 CMS Detector and Simulations

The central feature of the CMS apparatus is a superconducting solenoid, 13 m in length and
6 m in diameter, which provides an axial magnetic field of 3.8 T. The bore of the solenoid is
instrumented with particle detection systems that provide excellent performance for the recon-
struction and identification of muons, electrons, and photons. Charged particle trajectories are
measured with silicon pixel and strip trackers, covering 0 < ¢ < 27 in azimuthal angle and
|n| < 2.5, where the pseudorapidity 7 is defined as 7 = — In[tan §/2], with 6 being the polar
angle of the trajectory of the particle with respect to counterclockwise beam direction. A lead
tungstate crystal electromagnetic calorimeter (ECAL) and a brass/scintillator hadronic calori-
meter (HCAL) surround the tracking volume. The good spatial and momentum resolution of
the ECAL provides precise measurements of electrons and photons, which are crucial to this
analysis. Muons are identified and measured in gas detectors embedded in the steel return
yoke outside of the solenoid. The detector is nearly hermetic, providing thereby accurate mea-
surements of the imbalance in momentum in the plane transverse to the beam directions (£r).
A two-tier trigger system selects the most interesting pp collision events for use in analyses. A
more detailed description of the CMS detector can be found in Ref. [15].

The main background to W+ and Z-y production consists of W-+jets and Z+jets events, respec-
tively, in cases when one of the jets is mis-identified as a photon. We estimate this background
using data to minimize systematic uncertainties associated with modeling of jet fragmentation
in Monte Carlo (MC) simulation. The contributions from other processes, such as tt, y+jets and
multijet production, are two orders of magnitude smaller and are estimated from MC simula-
tion.

All signal MC samples for W+ + 7 jets and Z+y + n jets with n < 3 are generated with MAD-
GRAPHS [16], interfaced to PYTHIA [17] for showering, hadronization, and matching of jets to
original partons. The kinematic distributions for these processes are cross-checked with expec-
tations from SHERPA [18] and the predictions from the two programs are found in agreement.
The signal samples are normalized using next-to-leading order (NLO) predictions from the
MCFM generator [14]. Background processes are simulated with the MADGRAPH interfaced
to PYTHIA for tt, W+jets, and Z+jets events. Multijet, y+jets, and diboson processes are gener-
ated using the PYTHIA MC program but have negligible impact on the final selected sample.
All simulated samples are generated with leading order (LO) parton distribution functions
(PDF) [19], and events are passed through a detailed simulation of the CMS detector based on
GEANT4 [20], and reconstructed with chain of programs used for data.

3 Selection of Candidate Events

In this section we document the selection criteria used to select the events and to identify the
final-state leptons and photons. Although almost all selections criteria are corrected for the
effects from the presence of pileup (PU) in interactions, we will present the effectiveness of the
selection criteria separately for the low and high-PU sets of data. There is an average of 4.9
interactions per collision for low-PU data and on average of 7.8 interactions for high-PU data
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3.1 Trigger Requirements 3

corresponding, respectively to about 2.2 fb~! (referred to as 2011A in the text) and to ~ 2.7 fb~!
(referred to as 2011B data) of integrated luminosity.

3.1 Trigger Requirements

The Wy — flvy and Zy — /{7 events are selected using unprescaled isolated lepton trig-
gers with lowest available pr thresholds. These thresholds and the trigger-level isolation re-
quirements on lepton candidates evolved during the run to accommodate rising instantaneous
luminosity and are less stringent then the off-line requirements.

The trigger considers electron candidates in rapidity range |#.| < 3. For Wy — ¢v channel, an
isolated single electron trigger with a threshold of 32 GeV is used, except for the first 0.2 fb ! of
Run 2011A where the threshold is 27 GeV. In addition, for the last 1.9 fb~! of Run 2011A and en-
tire 2011B an additional requirement on the transverse mass M}’ of the electron candidate and
the missing transverse energy (Et) defined as MY = /2 x pr(€) x Br x (1 —cosA¢(¢, Bt )) >
50 GeV is made.

The Zy — eey process makes use of a trigger requiring two isolated electron candidates with
pr thresholds of 17 GeV on the leading and 8 GeV on the trailing candidate.

The trigger for Wy — v+ events requires an isolated muon with pr above 30 GeV and |1| <
2.4(2.1) for Run 2011A (2011B).

The dimuon trigger used to collect Zy — uu<y events does not require these muons to be
isolated. For most of the data, the muon pr thresholds are 13 GeV for the leading and 8 GeV for
the trailing candidates. These thresholds were 7 and 7 GeV for the first 0.2 fb~! of Run 20114,
and 17 and 8 GeV for the last 0.8 fb~! of Run 2011B.

3.2 Muon Identification and Selection

Muons are reconstructed offline by matching trajectories from the inner tracker and the outer
muon systems. We use the muon identification scheme defined in Ref. [21], with minor changes
to requirements on the distance of closest approach of the muon track to the primary vertex
in the longitudinal direction (z): |d;| < 0.1 cm, and the distance of closest approach in the
transverse plane: |dy| < 0.02 cm.

The efficiencies of these criteria are measured in data and in MC simulation using the Z — ¢/
events and the tag-and-probe technique. A small correction of the order of 3% is applied to the
MC simulation to match the performance in data.

3.3 Electron Identification and Selection

Electrons are identified as clusters of energy deposits, so-called super clusters (SC)[22], in the
ECAL fiducial volume spatially matched to tracks from the silicon tracker. The SC are required
to be identified inside the tracker acceptance with || < 2.5. The ECAL region of reduced
longitudinal shower containment between barrel and endcap sections of the calorimeter with
1.4442 < || < 1.566 is also excluded.

The width of the SC in 7 is described by the quantity ¢y,i;, defined in Ref.[22]. We require this
width to be narrow, consistent with the profile of the electromagnetic shower.

We require reconstructed electron tracks to be of good quality with no missing hits associated
to the track. We also require the charged track to be inconsistent with early photon conversion
hypothesis by rejecting candidates that have a partner track that is close to the electron candi-
date’s track in distance |dist| and angle | cot Ad|. The electron candidate is required to have a
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4 3 Selection of Candidate Events

transverse momentum pr > 35 and 20 GeV for W7 and Z+ analyses, respectively. To ensure
that the selected electron candidate is consistent with being produced from the primary inter-
action vertex in the event, the distance of closest approach to the z-axis must be below 0.1 cm.
The separation of the z-coordinate of the primary vertex of the event from the z-coordinate of
the point of electron candidate’s closest approach to z-axis must not be larger than 0.02 cm.

To reduce the background from misidentified jets, we require electron candidates to be isolated
from other activity in the detector. The relative isolation of the electron candidate is calculated
by determining separately the sum of track momentum, ECAL, and HCAL energy deposits
not associated with the electron candidate in the spatial cone of AR = /A¢?+ Ay? = 0.3
and normalizing it to the electron candidate’s pr. In W<y analysis we require individual sums
from sub-detectors not to exceed optimized thresholds to maximally reject background from
misidentified jets at a given efficiency of the selection criteria. We also require the total HCAL
energy in AR = 0.15 cone around the seed cluster not to exceed 2.5% of the ECAL energy in the
same area (H/E < 0.025).

In this study we use several sets of criteria with different selection efficiencies, that we refer
below as working points (WP) and list in Table 1.

Table 1: Selection criteria for the WP60, WP80, WP85 and W95 electron candidates in Barrel
and Endcap sections of the calorimeter.

WP95 WP85 WP60
PU corrected PU corrected not PU corrected

channel e veto in Wy Zy Wry

Barrel | Endcap | Barrel | Endcap | Barrel | Endcap
Apin 0.8 0.7 0.039 0.028 0.025 0.02
Afin 0.007 0.011 0.005 0.007 0.004 0.005
H/E - - — — 0.025 0.025
| cot AY| - — 0.02 0.02 0.02 0.02
|dist| - - 0.02 0.02 0.02 0.02
Tiyiy 0.012 0.031 0.01 0.031 0.01 0.03
Combined relative isolation 0.15 0.1 0.053 0.042 — —
Relative ECAL isolation — — — 0.04 0.02
Relative HCAL isolation — — — 0.03 0.02
Relative TRACKER isolation — — — 0.04 0.025

The efficiencies of these criteria are measured in data and in MC simulation using the Z — ¢/
events and the tag-and-probe technique. A small correction of the order of 3% is applied to the
MC simulation to match the performance in data.

The electron candidates in MC simulations are weighted by the ratio of efficiency measured
using tag-and-probe technique in data to that in MC simulation for Z — ee events to reduce
systematic uncertainties associated with modeling of electrons in simulation. The MC matches
the data well and the ratio does not deviate from one by more then 3%.

3.4 Photon Identification and Selection

Photon candidates are reconstructed as SC with p > 15 GeV in the fiducial volume of the
ECAL detector. The efficiency of reconstructing a SC from a photon electromagnetic deposit in
the ECAL is measured in MC simulation and is found to be very close to 100%. The photon
energy scale is measured using Z— upuy events as described in Appendix A.

Similarly to the 2010 CMS analysis of the V+y final states [12], we greatly reduce the rate of
jets reconstructed as photons by requiring stringent photon identification criteria, including
isolation and shower shape requirements described below:
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3.4 Photon ldentification and Selection 5

e Ratio of HCAL to ECAL energies in a cone size of AR = 0.15 around the seed crystal
must be below 0.05.

e 03y must be below 0.011 in barrel and below 0.030 in endcap,

e photon candidate must have no associated track in the pixel detector to reduce the
background from misidentified electrons.

However, unlike the previous analysis, the high pile-up conditions during the 2011 LHC run
require alterations to the photon isolation criteria to ensure the robustness of the selection
against PU modeling in simulation. The sum of all the tracks’ transverse momenta found
in the annulus of 0.05 < AR < 04, Itrk, around the photon candidate should not exceed
2 GeV + 0.001 x pf + Aeg X p, where p is the mean background energy density per unit area
and computed using FASTJET package [23], and A is an effective area correction to ensure
the isolation requirement not to exhibit a pile-up dependence. The photon candidate is also
required to be isolated in the ECAL by summing the transverse energy deposited in the ECAL
in an annulus 0.06 < AR < 0.40, excluding a rectangular strip of Ay x A¢ = 0.04 x 0.40 to re-
duce the effect of counting the fragments of the converted photon shower. The ECAL isolation,
IgcaL, is required to be less than 4.2 GeV + 0.006 x p% + Aegt X p. Finally we require the HCAL
isolation, Igcar, to be below 2.2 GeV + 0.0025 x p% + Actf X p. The values of A are tabulated
for all three isolation criteria separately for barrel and endcap in Table 2.

Table 2: A used for PU correction for photon selection for barrel and endcap, respectively.
| Isolation | barrel [ endcap |
Tracker (Itrg) | 0.0167 | 0.032

ECAL (Igcar) | 0.183 | 0.090
HCAL (Izcar) | 0.062 | 0.180

We cross check that the photons are simulated well in MC simulation by comparing the perfor-
mance of the full photon selection criteria without pixel veto requirements on electrons from
Z boson decay. To perform this comparison we require one of the electrons from Z boson de-
cay to pass stringent electron requirements, and check if the other electron satisfy the photon
selection criteria with the exception of the requirement of no pixel track.

The efficiency of the requirement of the pixel track veto is calculated using photons from the
final state radiation Z— wupu<y events. The purity of photon candidates in this process is esti-
mated to exceed 99.6% and thus, it is the preferred source of photons that we use to further
cross check the efficiency of photon identification criteria and to infer the photon energy scale
and resolution. We found that the requirement of no pixel track in data is 97% and 89% efficient
in barrel and endcap, respectively.

To estimate the efficiency of the shower shape and isolation requirements with good statistical
precision we exploit the similarity between photons and electrons (see Fig. 2) and use tag-and-
probe technique with Z — ee events. The pixel track veto is not applied for the tag-and-probe
study. The ratio of the efficiencies for selecting photons and electrons is also shown in Fig. 2.

We also found that the selection criteria in data and MC simulation agree to better than 3% accu-
racy in both transverse momentum and pseudorapidity dependence, shown in Fig. 3. Similarly
to electrons and muons, we re-weight the simulation events to reduce the residual simulation
modeling discrepancy.
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6 3 Selection of Candidate Events
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Figure 2: Ratio of photon selection efficiencies using electron tag-and-probe in data and MC

simulation (black) and the ratio of MC truth photon efficiencies to MC truth electron efficiencies
using photon selection criteria (red) as a function of the photon transverse energy.
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Figure 3: Efficiency of photon selection criteria as a function of photon transverse momentum
(left) and pseudorapidity (right).

3.5 Reconstruction of Et

Neutrino from W decay is not detected directly, but gives rise to an imbalance in transverse
momentum Er. This quantity is computed using the Particle Flow (PF) algorithm [24] that
generates a list of four-vectors of reconstructed particles based on the information from all
subsystems of the CMS detector. The Er for each event is then defined by the modulus of the
vector sum of the transverse momenta of all reconstructed particles in each event.

3.6 W< Event Selection

The W+ — fvvy process is characterized by a prompt, energetic, and isolated lepton, a prompt
isolated photon, and significant missing energy due to the neutrino.
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3.7 Zvy Event Selection 7

Both electrons and muons are required to have pr > 35 GeV and the photons are required
to have pr > 15 GeV. The maximum allowed |eta| values for muons, electrons, and photons
are 2.1, 2.5, and 3.0 respectively. We require that the photon is separated from the lepton by
imposing a cut AR(¢,y) > 0.7. We reject events that have a second reconstructed lepton of
the same flavor to remove the contribution from Zy — ¢{ process. For this veto, electrons
are required to have pr > 20 GeV, || < 2.5, and pass WP95 selection (see Table 1), while the
muons are required to have pr > 10 GeV, || < 2.4.

To suppress backgrounds without true Et the transverse mass cut of 70 GeV is imposed. We
find that the simulation models the Et quite adequately (at the level of 4%), and we apply
corrections to reduce residual disagreement. The efficiency of the MY selection in data and
simulation agree at the level of 2%.

After the full evy selection 7470 events are selected in the data, and 10809 events are selected in
the yvy channel.

3.7 Z+vy Event Selection

The process is characterized by two prompt, energetic, and isolated leptons and an isolated
prompt photon. Both electrons and muons are required to have pr > 20 GeV and the photons
are required to have pr > 15 GeV. The maximum allowed |eta| values for muons, electrons,
and photons are 2.4, 2.5, and 3.0 respectively. We require that the photon is separated from the
leptons by imposing a cut AR(¢,y) > 0.7. The invariant mass of the leptons is required to be
above 50 GeV.

Applying the selection criteria yields 4108 Zy — eey and 6463 Zy — upy candidate events.

4 Background Estimates

The dominant background for both Wy and Z+ comes from events with misidentified photons,
mostly originating from the jets in W + jets events and Z + jets events, respectively. We estimate
the background from these sources in data, using two methods described in Sec. 4.1

For the W+ channel the second major background is from Drell-Yan and di-boson production
process with an electron and at least one more lepton in the final state, with the former mis-
identified as photon. This background is estimated from data as described in Sec. 4.2.

Other background to V<y process are from

e Misidentified leptons from y+jet production,
e Vy with V decays into 7 that decays leptonically,
e tty events,

e Zv events where one of the leptons from Z decays is not reconstructed

All these backgrounds are estimated to be small compared to the V + jets contribution and are
estimated from MC simulation.

4.1 Jets misidentified as photons
4.1.1 The Template Method

The template method uses the 0y, distribution to determine the number of genuine photons
from misidentified jets passing full selection criteria by performing a two-component extended
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8 4 Background Estimates

maximum log-likelihood fit of signal and background ¢y, templates to data.

The signal shape is obtained from photon candidates in simulation. We cross check the sim-
ulation of electromagnetic shower in MC and data using Z— ee events. Events are required
to have at least two electron candidates with pr > 20 GeV and pass WP80 selection criteria
described in Sec. 3.3 but without ¢y, requirement. Both electron candidates must be identified
in the ECAL fiducial volume and have invariant mass between 60 and 120 GeV. One of the
electron candidates, a tag, is required to pass the tight trigger criteria of the di-electron trigger,
while no trigger requirements are applied on the other electron candidate, a probe. The purity
of this selection is estimated to be 99% for both barrel and endcap regions.

The background templates were made from jet-enriched data. Photon candidates in these
events are required to pass the photon selection criteria described in Sec. 3.4, except for the
Ciyiy Tequirement and Itrg which is required to be within the following range:

e 2GeV < Itrx — 0.001 x E% —0.0167 x p < 5GeV for |, | < 1.4442
e 2GeV < Igx — 0.001 x EX —0.0320 x p < 3 GeV for 1.560 < |1,| < 2.5

This requirement ensures that the contribution from genuine photons is negligible, and keeping
the isolation requirements close to those for photon selection criteria allows selecting jets with
large electromagnetic fraction that have properties similar to those of genuine photons. We
also observe that in simulated jet events the 0y, is found largely uncorrelated with isolation
requirement, so the background shape observed for photon-like jets with the inverted tracker
isolation should be the same as that for isolated photon-like jets.

We investigated a possible correlation between the shape of the 0y, template for background
the presence of Er parallel with the photon-like jet. Since the M}’ requirement is used in
W1 selection, a presence of Er in the event can bias the background template and affect the
background estimate. To estimate this effect we re-derived the background oy;,; templates for
events where 1 > 10 GeV and Er is parallel to the direction of the photon-like jet. We estimate
the systematic uncertainty using the lowest EJ. bin only, as this is the bin providing the largest
background yield, and thus, is the largest control sample from which to derive the background
template. Using the new templates we assigned the systematic uncertainty to be the largest
disagreement from the nominal yield and found it to be 13% and 7% for barrel and endcap,
respectively.

The systematic uncertainty on the electron misidentification is estimated by varying the fit
models, electron and photon energy resolution, and pile-up distributions in MC simulation.

The Tiniy distribution in data are fit to
f(o'iqin) = NSS(O-iﬂiI]) + NBB(Uiqiq)/ (1)

where N5 and Np are the expected number of signal and background candidates. S(oy,i;) and
B(cyyiy) are the signal and background component templates. The template data are smoothed
using kernel density estimation [25] or direct interpolation, in the case of high template statis-
tics. This allows for unbinned fits of the ¢y, distribution of selected photons to be performed,
preserving performance of the fit in low statistics scenarios.

The fit is performed by using a unbinned extended maximum likelihood, by minimizing;:
—InL = (Ng -+ NB) — Nln(NSS(ai,M) + NBB((Ti,ﬁq)). 2)

where N is the total number of data events in the given p bin.
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4.1 Jets misidentified as photons 9

4.1.2 The Ratio Method

We use a second method referred to as the 'ratio method” to infer the V + jets background as
a cross-check to the results of the template method at high p] where the template method is
subject to larger statistical uncertainties. This method takes advantage of the relatively high
statistics in <y + jets data sample and the expected similarity between the misidentification rate
for jets in y + jets sample and V< data. Thus, this method can provide a higher precision
estimate of the V+jet background at large p.

This method exploits a category of jets that have similar properties to electromagnetic objects
in the ECAL; these jets are called photon-like jets. Photon-like jets are selected by identifying
a reconstructed photon which fails the photon isolation or 0j,i; requirements of final photon
selection, but are more isolated and have a higher electromagnetic fraction than most hadronic
jets. The ratio method measures the ratio R, of the probability of a jet to pass the photon-like
jet requirements to that of passing the final photon selection criteria. Once R, is known, the
number of jets that satisfy the final photon selection criteria Nyjets can be estimated as the
product of R, and the number of photon-like jets counted in data.

CMS Preliminary, L=5fb* \s=7 TeV
T ‘ L
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Figure 4: R, as a function a photon candidate pr for barrel ECAL in y+jet and multijet QCD
samples. The difference in R, values between two processes is due to the fact that jets in
the former process are dominated by quark fragmentation, while that in the latter process are
dominated by gluon fragmentation.

We measure R, for each p bin of the analyses separately for the ECAL barrel and endcaps.
R is determined using a di-photon sample defined by either two photon candidates passing
the final selection or one photon candidate passing final selection and one passing photon-like
jet selection. To reduce correlations induced by the di-photon kinematics we require that the
photons of each di-photon candidate in either category be in the same 7 region and p] bin. A
two-dimensional template fit of 0y;;; distributions of each photon candidates in the di-photon
system is performed to estimate R, to estimate and remove the contribution from genuine
photons to the photon-like jet yield. A correction factor « ~ 5 — 10% is applied to account for
the case where genuine photons satisfy photon-like jet definitions. The correction is derived
from simulation and checked using Z— ee data and simulation.

The observed R, values for the ECAL barrel are given in Fig. 4. The difference between R,
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10 4 Background Estimates

values measured in different processes demonstrate the sensitivity of the method to the flavor
of the jet. We use W+jet and Z+jet simulation to estimate gluon-to-quark ratio and correct the
Ry, measured in data. We find the predictions of the ratio method to be consistent with the
ones of the template method, and consider the difference between them as an extra source of
systematic uncertainty.

4.2 Background From Electrons Misidentified as Photons to Wy — £fvy

The criterion that allows separating electrons from photons is the requirement of no pixel track
associated with the photon candidate. We measure the probability P for an electron to have
no pixel track match in Z— ee data sample, by requiring one of the electrons to pass stringent
electron identification criteria and checking how often the other electrons pass the full photon
selection criteria including the requirement of no associated pixel track. Fitting the di-electron
invariant mass distribution by a convolution of a Breit-Wigner and Crystal Ball function to
describe the signal and an exponential decay for background we obtained the efficiency of
an electron to have no associated pixel track to be 0.014 £ 0.003 for barrel and 0.028 =+ 0.004
for endcap. Then, to estimate the background from electron misidentification in Wy — pvvy
channel, we select the events that pass the full selection criteria, except for the photon candidate
that is required to pass photon selection criteria but the pixel track match. Then the contribution
from genuine electrons misidentified as photons can be calculated from

P

Ne—>7:NyveX1_P ’

3)
where N, is the background from the misidentified electrons, and N, is the number of
events selected without the requirement of the pixel track match. We found this background
for muon channel to be 91.4 £ 1.4 (stat.) £ 4.7 (syst.).

For the electron channel, we separate contributions from Z + jets and W + jets, tt + jets, and
others. The contribution from the former is estimated by applying full Wy — ev<y selection
criteria.

Then the invariant mass of a photon and an electron candidates are fit to the Breit-Wigner
convoluted with the Crystal Ball function for signal and an exponential decay function for
background to estimate the contribution from Z/v* — ee process. We find the contribution
from Z/y* — ee process to be 620.1 = 19.4 (stat.) 4= 48.6 (syst.).

Contributions from other sources with genuine electrons misidentified as photons from W +
jets, tt + jets, and diboson processes are estimated using MC simulation, where a photon can-
didate is spatially matched to the generator-level electrons. We estimate the contribution from
these sources to be 69.1 + 6.7 (stat.) &= 7.3 (syst.).

4.3 Total Background
4.3.1 /{vvy events

The jet-photon misidentification background is summarize in Table 3 for different photon pr
bins. Total background is shown in Table 4.

need numbers in table 3 for the ratio method

A comparison of the E] distributions between data and Monte Carlo simulation after the full
event selection is shown in Fig. 5 for the muon and electrons channels.
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Photon Wjet photon jet sampling of photon - Bt diff. with
pr, GeV yield shape shape the distributions | correlation | ratio method
Barrel + Endcap: evy / vy

15-20 1452.3 /27629 | 9.3 /205 | 83.2/59.4 19.2 / 35.6 129.1 / 251.7 -
20-25 648.4 /11083 | 52/19.5 | 37.0 / 33.8 11.2 / 18.8 544 /942 -
25-30 365.3 / 521.6 37/94 |21.0/207 9.4 /142 32.7 /43.0 -
30-35 2149 /3263 | 105/33 | 123 /169 75 /111 19.0 / 29.3 -
35-40 156.6 / 194.8 34/28 |101/114 62/79 13.7 / 16.1 -
40-60 2214 /2723 35/07 | 188 /234 51/63 19.2 / 24.0 221/44
60-90 77.2 /100.5 14/09 |102/133 3.0/38 6.6 /8.5 77 /1.6
90-120 257 /214 20/23 53/41 09/09 24/18 26/04
120-500 14.8 / 38.1 43/21 | 76/259 1.1/07 1.0/39 1.5/ 0.6
Total 3176.5 / 5345.9 16.9 /30.3 | 97.6 / 83.:;10'4 /2251245.4 2778 /4721 | 339/70

Table 3: Uncertainties on the W+jet background estimate for Wy — (v by the template
method.

Parameter evy Hvy

Nobs 7470.0 10809

wakﬂets 3176.5 £ 46.8 (stat.) = 310.4 (syst.) | 5345.9 £ 58.2 (stat.) &= 482.6 (syst.)
Nf)f(g 689.2 + 20.5 (stat.) &= 49.1 (syst.) 91.4 + 1.4 (stat.) £ 4.7 (syst.)
Ngﬁg’er 405.2 + 18.0 (stat.) &= 25.2 (syst.) 402.8 £ 18.6 (stat.) &= 27.2 (syst.)
Nsig 3199.1 £ 102.0 (stat.) &= 323.0 (syst.) | 4968.9 £ 120.6 (stat.) = 505.8 (syst.)
A - EMCWy—s vy 0.0187 +£ 0.0010 (syst.) 0.0270 = 0.0014 (syst.)

Qe 0.9400 =+ 0.0273 (syst.) 0.9898 + 0.0247 (syst.)

[ Ldt 5.0 + 0.1 (syst.) 5.0 + 0.1 (syst.)

Table 4: Summary of parameters for the Wy — evy and Wy — uv+y cross section measure-
ments.

Fig. 6 shows the charged-signed 7 distribution of W+ events and demonstrates the radiation
amplitude zero characteristic of W+ production; these events were selected vetoing events with
jets greater than 30 GeV and events with M3 < 110 GeV.

4.3.2 /¢y events

The jet-photon misidentification background is summarize in Table 5 The other backgrounds
from QCD multijet, photon+jets, tt, and other di-boson processes are estimated from simulation
to contribute 38.3 £ 2.8 and 23.7 + 2.2 events for eey and ppu<y channels, respectively.

numbers disagree with table

The E] distributions for data and MC simulation, after applying full selection criteria, are
shown in Fig. 7, for the eey and p 1y final states.

5 Production Cross Section Measurements

The measurement of the cross section is given canonically by the formula:

N, sig

c=—°
Ao (eey) € L

(4)
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Figure 5: Photon candidate E] distributions of the W7y candidates in data, signal and back-
ground MC simulation for Wy — uvy (left) and Wy — evy (right).

Photon E7, Mean Systematic Systematic Systematic Systematic from
GeV background from from from sampling A (Ratio V.S.
yield signal shape | background shape | of the distribution Template)
Barrel + Endcap eey / ppy
15-20 464.9 / 712.1 11.1 /49.7 26.7 / 41.0 6.4/16.0 n/a
20-25 199.2 / 305.9 6.8 /227 114 /175 37/67 n/a
25-30 81.8 /133.2 37/76 47 /76 23/30 n/a
30-35 50.5 / 81.6 2.8 /10.0 29/47 19/18 n/a
35-40 455 /53.7 3.0/40 26/36 18/12 n/a
40-60 404 /723 3.8/10.5 23/538 09/15 105795
60-90 18.3 /25.2 30/65 1.1/3.6 0.7/06 48 /32
90-120 0.0/13.9 0.0/3.8 0.0/19 00/03 0.0/44
120-500 53/6.6 4.6/ 126 04/14 01/02 14/3.6
8.6 /59.0 17.1 / 46.2 95/17.8 16.6 / 11.5
Total 905.9 / 1404.4 3717770

Table 5: Systematic uncertainties on the background estimate for Zv by the template method.

where Nj;g is the number of observed signal events, A is the geometric and kinematic accep-
tance, € is the selection efficiency for events in the acceptance, and L is the integrated luminos-
ity. The value of A is affected by the choice of PDF set and other theoretical uncertainties, while
the value of € is susceptible to errors from triggering and reconstruction. In order to control
the efficiency uncertainties, we instead extract corrections to the efficiencies obtained from the
simulation. These correction factors come from efficiency ratios peff = €4ata/€mc derived by
measuring the efficiency in the same way on data and simulation. We then replace the prod-
uct Ay (eeq) X € by the product F X pegr, where Fip(009) = Apq(ey) X €mc is the fraction of
generated events selected in the simulation.
Eq. (4) can therefore be rewritten as:

o= Nobs kag (5)

F - Peff - L

in which we also replaced the number of signal events N;; by subtracting the estimated num-
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CMS Preliminary, L =5 fb* \s =7 TeV CMS Preliminary, L = 5 fb™ s=7TeV
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Figure 6: Event yields after event selection Q; x Ay(+y, ¢) , combined for Wy — pyvy and Wy —
evy. Yield from signal simulation is scaled to data signal yield. The right plot is background
subtracted and errors include statistic and systematic errors.

Parameters Zry — eey Zy — upy

Nobs 4108 + 64.1 (stat.) 6463 + 80.4 (stat.)

Nig Priven | 905.9 =+ 49.8 (stat.) & 31.5 (syst.) | 1404.3 & 56.4 (stat.) & 77.0 (syst.)
Nijher 38.3 + 2.8 (stat.) 23.7 + 2.2 (stat.)

Nsig 3154.2 4 81.0 (stat.)+ 95.1 (syst.) | 5034.9 = 98.2 (stat.) + 213.2 (syst.)
A -emc 0.132 + 0.0018 (syst.) 0.196 = 0.001 (stat.)

Deff 0.929 =+ 0.0466 (syst.) 0.945 =+ 0.016 (syst.)

[ Ladt 5.0 & 0.1 (syst.) 5.0 £ 0.1 (syst.)

Table 6: Summary of parameters for the Zv cross section measurement for full 2011 dataset.

ber of background events Npyg from the observed number of selected events Nps.

We calculate F, tury(£0y) using MC simulation, as F is defined as Naccept/ Ngen, kin, Where Naccept is
the number of events passing all selection cuts, and Nien, kin is the number of generated events
with pJ > 15, ARy, > 0.7.

5.1 Systematic Uncertainties

Systematic uncertainties are grouped into five categories. The first group includes the uncer-
tainties that affect the signal yield. These include uncertainties on lepton and photon energy
scales. We vary the electron energy scale in data by 0.5% to estimate the contribution from
inter-calibration of the ECAL detector. For photons the energy scale is varied by 1% in the
ECAL barrel and 3% in the endcaps. To estimate the systematic effect on the measured cross
section we re-evaluate Ni;g for variations of each source of systematic uncertainty. In the case of
the variation of the photon energy scale, the background subtraction is performed with signal
and background templates that have been appropriately modified. This ensures that migra-
tions of photons and misidentified photon-like jets across the low pJ boundaries are properly
accounted for when calculating this systematic uncertainty.
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CMS Preliminary, L=5fb® \s=7TeV , CMS Preliminary, L =5 fo'  \s=7TeV
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Figure 7: Photon candidate p spectrum (left) is given for data (black dots), signal MC simu-
lation (red hatched histogram), and background from Z/~*+jets (blue hatched histogram) for
Zy — upy (left) and Zy — ey (right).

In the second group, we combine the uncertainties that affect the product of the acceptance, re-
construction and identification efficiencies of final state objects, as determined from simulation.
These include uncertainties on lepton and photon energy resolution, effects from pile-up (PU)
interactions , and uncertainties in the PDF. The combined acceptance times efficiency, A - ¢, is
determined from MC simulation of the V< signal and is affected by the electron and photon
energy resolution by way of migration of events in and out of acceptance. The electron en-
ergy resolution is determined in data using Z— ee events and calibrating to with respect to
the known width of the Z boson peak following the same procedure employed in H —
analysis [26]. To estimate the effect of the electron resolution on A - € each electron candidate’s
energy is randomly smeared by the energy resolution determined in data then standard selec-
tion is applied. The photon energy resolution is determined simultaneously with the photon
energy scale in data following the description in Sec. A. The systematic effect of the photon res-
olution on A - €)1 is calculated by smearing, in a deterministic way, the reconstructed photon
energy in simulation to match that in data.

The number of PU interactions per event is estimated from data using a convolution procedure
that extracts the estimated PU from the per-bunch instantaneous luminosity recorded by the
luminosity monitors. This methodology requires the total inelastic pp scattering cross section,
68 &= 3.4 mb, to estimate the number of PU events in a given bunch crossing. We estimate the
systematic uncertainty due to modeling of the PU interactions by varying the total inelastic
cross section within its uncertainties and estimate its effect on A - €p;c The uncertainties on par-
ton distribution functions can alter the acceptance in simulation, especially for very forward,
low x, V7 events. To estimate the systematic effect on A - epc, LHAPDF [27] was used to
generate per-event weights using variations along the 21 sets of eigenvectors of the CTEQ6L
PDF set [28]. To assign an uncertainty due to variation of the PDF on the acceptance we use
the “modified tolerance method” as recommended by the PDFALHC interim report [29]. The
uncertainty on signal modeling is taken from the acceptance difference between MCFM and
MADGRAPH.
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5.1 Systematic Uncertainties 15

The third group includes the systematic uncertainties affecting the data vs. simulation cor-
rection factors p.s for the efficiencies of the trigger, reconstruction, and identification require-
ments. These include lepton trigger, lepton and photon reconstruction and identification, and
P selection efficiencies for the W+y process. The lepton efficiencies are determined by the “tag-
and-probe” method in the same way for data and simulation, and the uncertainties are taken
by varying the background modeling, and fit range in “tag-and-probe” method. An additional
uncertainty is added by taking into account the difference between the measured and true effi-
ciency in Monte Carlo simulation sample.

The fourth category comprises uncertainties on the background yield. These are dominated by
the uncertainties on the estimations of W+jets and Z+jets background from data. The compar-
ison of the oy, distributions for the probe in data and simulation indicates that the mean of
the 0yi; distribution in data is smaller than that in simulation by 0.9 x 10~* (2.0x10~*) for bar-
rel(endcap) and corresponds to 1% (0.8%) of the average of the simulated photon 0y, values,
which are corrected for the observed shift. The signal 0y,;;, template in simulation needs to be
corrected by 0.9x10~* for barrel and 2.1x10~* for endcap to match 0y, templates observed in
data. We take this difference as a systematic uncertainty on signal template and re-calculate the
background estimation to measure its effect on the final result.

CMS Simulation \s =7 TeV CMS Simulation \s =7 TeV

H 05:\\\\‘\\\\‘\\\\‘\\\\‘\\\\ TTTT \\\\‘\\\\‘\\\\‘\\\\: H 0_5:\\\\‘\\\\‘\\\\‘\\\\‘\\\\ TTTT \\\\‘\\\\‘\\\\‘\\\\:
s 2 0.4; ECAL barrel é g2 0_4; ECAL endcap é
= E —o Sideband bias ] =" E —o Sideband bias ]
~ 0.3 —— Signal contamination — \3 0.3~  —— Signal contamination —
= é F —e— Combined effects ] =m F —e— Combined effects ]
Z 0.2F 4 £ 02f .
0.1- //74 0.1 I

oF e e o- e E

010 E— 01
0.2 = -0.2F 3

_0 :1 L1 ‘ L1l ‘ 111l ‘ 111l ‘ L1l ‘ L1l ‘ 111l ‘ 111l ‘ 111l ‘ L1l 1: _0 71 L1 ‘ 111l ‘ 111l ‘ L1l ‘ L1l ‘ 111l ‘ 111l ‘ L1l ‘ L1l ‘ L1l 17
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Figure 8: The uncertainty on background template for barrel (left) and endcap (right). The
change in the estimated number of background events due to “anti-isolation” requirement
(sideband bias) is given as a function of E% as red circles, while the contamination from genuine
photons are given as blue dots. The overall effect is given as red dots.

To obtain the background 0y, template we use photon-like jets selected by requiring tracker
“anti-isolation” requirement. Using this template to infer the background from photon-like jets
that pass the full photon isolation requirements can cause a bias if the Tiyiy template is corre-
lated with tracker isolation. A contribution from genuine photons that pass “anti-isolation”
requirement can also cause the bias in estimation of the background. We estimate the effects
from these sources in simulation where one can distinguish genuine photons from jets and
found the effect the overall effect to be small (see Fig. 8).

Since smoothing is used to determine a continuous function that describes the 0y;;; distribution
of the background, the effect of the statistical sampling of the background probability density
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16 5 Production Cross Section Measurements

function true underlying shape must be understood. To study this, a bootstrapping technique
exploiting simulation is used to generate a known true distribution of background from which
we can throw toy template distributions. These toy distributions are then smoothed themselves
and used to fit the background fraction in data. The results of each toy template distribution
and fit is saved and the variance associated with the statistical fluctuation in the template is
recorded and taken as a systematic error.

The uncertainties on the smaller background contributions are taken from the statistical uncer-
tainty of the simulation samples.

Finally, an additional uncertainty due to the measurement of the integrated luminosity is con-
sidered. This uncertainty is 2.2% [30].

5.2 Results for the W+ cross section

A summary of all of the systematic uncertainties on W+y cross section measurement is given
in Table 7 for both the electron and muon channels. The main source of uncertainty in both
cases, apart from the uncertainty on luminosity, is due to the estimation of background from
data using the template method. More detailed information can be found in Section 5.1.

evy | Hvy
Source Systematic uncertainty Effect on Niig
Electron and photon energy scale ele: 0.5%; pho: 1% (EB), 3% (EE) 2.9% n/a
Photon energy scale 1% (EB), 3% (EE) n/a 2.9%
Muon pr scale 0.2% n/a 0.6%
Total uncertainty on Nsig 2.9% 3.0%
Source Systematic uncertainty Effecton F = A - epc
Electron and photon energy resolution 1% (EB), 3% (EE) 0.3% n/a
Photon energy resolution 1% (EB), 3% (EE) n/a 0.1%
Muon pr resolution 0.6% n/a 0.1%
Pileup Shift data PU distribution by £ 5% | 2.4% 0.8%
PDF CTEQ6L re-weighting 0.9% 0.9%
Signal modeling 5% 5.0% 5.0%
Total uncertainty on F = A - epmc 5.6% 5.1%
Source Systematic uncertainty Effect on pesf
Lepton reconstruction 0.4% 1.5%
Lepton trigger 0.1% 0.9%
Lepton ID and isolation 2.5% 0.9%
Pt selection 1.4% 1.5%
Photon ID and isolation 0.5% (EB), 1.0% (EE) 0.5% 0.5%
Total uncertainty on pe 2.9% 2.5%
Source Systematic uncertainty Effect on background yield
Template method 9.3% 9.0%
Electron misidentification 7.1% 5.2%
MC prediction 6.2% 6.8%
Total uncertainty on background 7.1% 8.3%
Source Systematic uncertainty Effect on luminosity
Luminosity 2.2% 22% | 2.2%

Table 7: Summary of systematic uncertainties for the W+ cross section measurement.

The estimated cross sections are:
o(pp = Wy — evy) = 36.6 = 1.2 (stat.) £ 4.3 (syst.) = 0.8 (lumi.) pb.
o(pp — Wy — uvy) = 375+ 0.9 (stat.) = 4.4 (syst.) £ 0.8 (lumi.) pb.

The combination of the cross sections, performed using a Best Linear Unbiased Estimator
(BLUE) [31], is:

o(pp = Wy — lvy) = 37.0 £ 0.8 (stat.) 4.0 (syst.) £ 0.8 (lumi.) pb.
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All three results are consistent with the theoretical NLO cross section 31.81 £ 1.8 pb., computed
with MCFM, within uncertainties.

5.3 Results for the Zy Cross Section
The systematic uncertainties are listed in Table 8. The measured cross sections are:

o(pp = Zy — eey) = 5.20 £ 0.13 (stat.) = 0.30 (syst.) £ 0.11 (lumi.) pb.

o(pp — Zy — upy) = 5.43 £ 0.10 (stat.) £ 0.29 (syst.) £ 0.12 (lumi.) pb.

The combination of the cross sections, performed with the BLUE method [31] is:
o(pp = Zy — €ly) = 5.33 £ 0.08 (stat.) = 0.25 (syst.) == 0.12 (lumi.) pb.

All three results are consistent with the theoretical NLO cross section 5.45 £ 0.27 pb., computed
with MCFM, within uncertainties.

eey | Hpy
Source Systematic uncertainty Effect on Niig
Electron and photon energy scale ele: 0.5%; pho: 1% (EB) 3% (EE) 3.0 % n/a
Photon energy scale 1% (EB) 3% (EE) n/a 4.19%
Muon pr scale 0.2% n/a 0.60%
Total uncertainty on Nig 3.0 % 4.23%
Source Systematic uncertainty Effecton F = A - epc
Electron and photon energy resolution 1% (EB), 3% (EE) 0.2 % n/a
Photon energy resolution 1% (EB), 3% (EE) n/a 0.06%
Muon pr resolution 0.6% n/a 0.08%
Pileup Shift data PU distribution by £5% | 0.6 % 0.44%
PDF CTEQS6L re-weighting 1.1% 1.10%
Signal Modeling 0.6 % 1.10%
Total uncertainty on F = A - epmc 1.4 % 1.22%
Source Systematic uncertainty Effect on peg
Lepton reconstruction 0.8 % 1.0 %
Lepton trigger 0.1% 1.0 %
Lepton ID and isolation 5.0% 23 %
Photon ID and isolation 0.5% (EB), 1.0% (EE) 0.5 % 1.00%
Total uncertainty on peg 51% 2.51%
Source Systematic uncertainty Effect on background yield
Template method 4.4% 5.5%
Total uncertainty on background 4.4 % 5.5%
Source Systematic uncertainty Effect on luminosity
Luminosity 2.2% 22% | 2.2%

Table 8: Summary of systematic uncertainties for the Z+ cross section measurement for full
2011 dataset.
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5.4 Comparisons to MCFM Predictions

Finally, we present a summary of the W+ and Z+y cross sections measured with different lower
bounds on the photon pr. We find no significant disagreement with the MCFM prediction for
W1 after accounting for all systematic uncertainties when requiring the photon pr to be larger

than 60 and 90 GeV.
The measured cross sections, predictions, and their errors are summarized in Table 9 and in
Fig. 9.
Woy
Electron Channel (pb) Muon Channel (pb)
p% > 60 GeV 0.77 £ 0.07(stat.) = 0.13(syst.) & 0.02(Ilumi.) 0.76 £ 0.06(stat.) £ 0.08(syst.) &= 0.02(Jumi.)
Combination 0.76 = 0.05(stat.) = 0.08(syst.) & 0.02(lumi.) pb
Prediction 0.58 £ 0.08 (pb)
pT > 90 GeV | 0.173 % 0.034(stat.) £ 0.037(syst.)  0.004(lumi.) | 0.248 £ 0.035(stat.) + 0.048(syst.) & 0.005(lumi.)
Combination 0.200 % 0.025(stat.) = 0.038(syst.) &= 0.004(lumi.) pb
Prediction 0.173 £ 0.026 pb
Zy
pT > 60 GeV | 0.142 £ 0.019(stat.) + 0.019(syst.) + 0.003(lumi.) | 0.139 % 0.013(stat.) & 0.015(syst.) = 0.003(lumi.)
Combination 0.140 £ 0.011(stat.) = 0.013(syst.) £ 0.003(lumi.) pb
Prediction 0.124 +0.009 pb
p% > 90 GeV | 0.047 £ 0.013(stat.) £ 0.010(syst.) £ 0.001(lumi.) ‘ 0.046 = 0.008(stat.) = 0.010(syst.) £ 0.001(lumi.)
Combination 0.046 = 0.007(stat.) == 0.009(syst.) & 0.001(lumi.) pb
Prediction 0.040 + 0.004 pb

Table 9: The summary of the cross section measurements and predictions for pJ > 60 and 90
GeV for Wy and Z.
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CMS Preliminary, L=5fb* \s=7TeV CMS Preliminary, L =5 fbo! Ns=7TeV
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Figure 9: The left plot shows the summary of all cross section measurements and comparisons
to theory for the Wy measurement, the right plot is for Zv.
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6 Anomalous Triple Gauge Couplings in Wy and Z Processes

To extract limits on anomalous triple gauge couplings we use a counting experiment based on
bins in pJ. 95% upper limits on the aTGC values are set using the modified frequentist CLs
technique [32].

6.1 WW+ coupling

The most general Lorentz invariant effective Lagrangian that describes WW+ and WWZ cou-
plings has 14 independent parameters [33, 34], seven for each vertex. Assuming C and P con-
servation, only six independent couplings remain that describe the WW+y and WWZ vertices
with an effective Lagrangian normalized by the electroweak coupling given below:

Ewwy _ igV (WE WHVY — WEV, W) + iy W, VY 4 Z)‘—ng WHVYe, (6)
TWwwy } z / Mz,

where V =y or Z, W are the W fields, Wy = 9,W, —9d,W,,, and overall couplings gww, = —e
and gwwz = —ecotfy, where 0y is the Weinberg angle. Assuming electromagnetic gauge
invariance, g] = 1, the remaining parameters that describe WW+ and WWZ couplings are g7,
Kz, Ky, Az, and A,. In the SM, Az = A, = 0 and g% = kz = Kk, = 1. In this analysis, we
follow the convention to describe the couplings in terms of their deviation from he SM values:
Agh = g% —1, Mz =Kz —1,and Ak, = K, — 1.

These five couplings are further reduced to three independent couplings if one requires the
Lagrangian to be SU(2); x U(1)y invariant:

Axz = Ag¥ — Ak, -tan® Oy, A = A, = Az @)
In this study we measure Ax,, and A, from W+ production.
6.2 ZZvy and Zyv couplings
The most general vertex function [35] for ZZ+ can be written as
2 _ 2

afBu P — o o
T (41,92, P) = mz%l I (g58"F — 58"
z

+ }%P“[(P-qﬁg’*ﬁ—g’z‘lﬂ
my ®)
T ietPog,
h‘% « Upoc
+ —5 P " Pygay
mz

with the Z+y vertex obtained by the following replacements:

PZ_ 2 2
i _, P Z o hl,i=1,..,4 )

myz myz

The couplings hY with V.=Z, y and i = 1,2 violate CP symmetry, while those with i = 3,4
are CP-even. Although at tree level all these couplings in the SM are equal to zero, at one-loop
level the CP-conserving couplings are O(10~%). As the sensitivity to both CP-odd and CP-even
couplings using p1 are the same, we interpret the results in terms of i) with i = 3,4.
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6.3 Search for Anomalous Couplings in W and Z+ Production

We generate the expected aTGC signal using SHERPA generator [18] for the detector simulation
of the Wy+njet and Zy+njet (n < 1) processes.

For W+ two aTGC parameters, Ak, and A, are freely varied while ¢Z is set to the SM value,
using the ‘equal couplings’ scenario of the LEP parameterization [36]. For Zv, limits are set on
the anomalous couplings 1y and hy with V = Z, v with two couplings being varied at a time.
When limits are set on the Z-type couplings, the 7y couplings are set to their standard model
values.

We set one and two dimensional limits on the aTGC parameters Ak, and A, for Wy and hY
and h) for Z. In the case of setting one dimensional limits the parameters whose limits are
not being estimated are set to their standard model values. The 95% C.L. two-dimensional
contours are given in Fig. 10 for W+ and Fig. 11 for Z+y. Corresponding one-dimensional limits
are listed in Table 10 for W+ and Table 11 for Z-y.

Ax, Ay

Wy — evy | [-0.45,0.36] | [-0.059, 0.046]
Wy — uvy | [-0.46,0.34] | [-0.057, 0.045]
Wy — vy | [-0.38,0.29] | [-0.050, 0.037]

Table 10: One dimensional limits on aTGCs at 95% C.L. for W+, no form factor is used.

I3 Iy h3 g

Zvy — eey | [-0.013,0.013] | [-1.1,1.1] x10~* | [-0.011,0.011] | [9.9,9.5] x10~°
Zy — upy | [[0.013,0.013] | [-1.1,1.2] x10~* | [-0.011,0.011] | [-1.0,1.1] x10~*
Zy — {0y | [-0.010,0.010] | [-8.8,8.8] x10~> | [-8.6, 8.4] x10~3 | [-8.0,7.9] x10~°

Table 11: One-dimensional limits on Zv anomalous trilinear gauge couplings.

7 Summary

We presented an updated measurement of the Vy 4 X production cross sections using leptonic
decays of W— ev, W— v, Z— ee, and Z— pup. The measurements are based on the full
7 TeV dataset recorded by the CMS experiment at the LHC in 2011 and corresponds to an
integrated luminosity of 5 fb 1. The measured cross sections o (pp — Wry) = 37.0 £ 0.8 (stat.) &
4.0 (syst.) £ 0.8 (lumi.) pb and o(pp — Zy) = 5.33 £0.08 (stat.) £ 0.25 (syst.) = 0.12 (lumi.)
pb with pl > 15 GeV are found to be consistent with the standard model prediction. The
agreements still hold with higher p7. thresholds of 60 and 90 GeV. The most stringent limits on
anomalous trilinear WW+y, ZZ+y, and Z gauge couplings are set at 95% confidence level. No
evidence for physics beyond the SM is observed.
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CMS Preliminary, L =5 fb™
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Figure 10: 95% confidence level for the combination of electron and muon channels contour for
WW+ coupling.
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Figure 11: 95% confidence level contours for Zyvy (left) and ZZ~ (right) couplings from the
combined information of the electron and muon channels.
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A Photon Energy Scale and Resolution

The width and peak position of the Z boson can be exploited to measure photon energy res-
olution and determine the absolute photon energy scale using the data itself. The Z— upy
process is the only source of pure energetic photons in the hadron collider environment. Re-
quiring the ypuy invariant mass to be within 30 GeV of the Z boson pole mass reduces the Z+jets
background to a negligible level.
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Figure 12: Left: The invariant mass of the ppy system for Z— ppu<y data events fit to a model.
The photon is required to be in the barrel and have transverse energy between 15 and 20 GeV.
The photon energy scale and resolution and the fraction of the signal events are floated in
the fit. Right: The photon energy scale as a function of the photon transverse energy for the
simulation (MC Truth) and for a fit to the simulation (MC Fit) and to the data (Data Fit).

We define the scale s as the mode of the distribution of the photon energy response x =
E"/E},. —1 where E” and E! . are the reconstructed and true photon energies. The pho-
ton energy resolution r is defined as half of the shortest interval containing 68.3% of the photon

energy response distribution.
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To estimate the true scale and resolution in the simulation, we use directly the set of the energy
responses in Z— uuy sample. We smooth the distribution using a kernel density estimator
[25] to obtain a non-parametric description of the input photon energy response density fo(x)
with scale sg and resolution 7.

We then introduce the dependence on the scale s and resolution r by a linear transformation of
the response:
x —=x' =a(s,r)+b(s,r)x =xo(x,s,71),

fo(x) = f(x[s,7) = fo(xo(x,s,7)),

where the scale and resolution dependent photon energy response x’ = xo(x, s, r) corresponds
to a given scale and resolution s and r, given by:

(10)

x—s_xo—so

11
. P (11)
The scale and resolution estimates and their uncertainties are obtained from fitting the photon
energy response model back to the simulation sample. The best fit values of the scale and
resolution as derived from the photon energy response are used as references for generating a
response model based on the ppu<y invariant mass and derived from the data.

To estimate the scale and resolution from the pp7y invariant mass spectrum in data, we use a
similar approach to the one discussed. There are however several important differences:

¢ In data the true energy response is not known, but if the scale is small a linear trans-
formation can be written down relating the ypy invariant mass to the response and
true energy. However, only the product of the response and true energy is known.
Therefore we use the yuy invariant mass spectrum m instead of the photon energy
response x to create a response model.

e The response model based on the ppy invariant mass spectrum is a sum of signal
and background components whose relative fraction is floated in the fit. We use the
simulation to build a kernel density estimate of the background component model.
Only the signal component model depends on the parameters s and r.

e We use a different functional form for the invariant mass response transform intro-
ducing a linear dependence on the scale:

s — m+ dlnm (s — 50)
m’=m+m{ a3 ) (s —s0).

Here m' is the transformed pjiy mass. The term in the angular brackets characterizes
the linear dependence of the yy mass on the photon energy.

e We introduce the dependence on the resolution through moment morphing, a tech-
nique for interpolating probability density functions, between a number of reference
densities [37]. This method is based on the linearly transformed reference densities
that have some reference mean expectation values and standard deviations. The
linear transform is chosen such that the transformed densities reproduce the inter-
polated mean and standard deviation.

The reference densities are obtained from the simulation. Eq. 11 is used to smear the recon-
structed photon energies to the desired resolution. The change in the photon energy is then
propagated to the ppy invariant mass.



610
611

612

613

614

616
617
618
619
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In Fig. 12 we show an example fit to the ypy mass in data and a comparison of the extracted
photon energy scale in data and simulation with the true energy scale in simulation as a func-
tion of photon transverse energy.

p1 bin | MC true % | Data fit %
Barrel / Endcap
10<p] <12]135/294 | -1.40 / -1.84
12<p{<15]| 0.76 / 0.75 | -1.85 / -0.87
15 < pi <20 | 0.65/158 | -1.22 / -1.68
20 < pt <50 | 0.08/0.15 | -1.22 / -0.15

Table 12: A summary of the derived photon energy scale estimates.

Given that the scale in data is estimated to be s = sq4,1,, We calculate the corrected reconstructed
energy EZOH as:
Eglorr = E’y(l - Sdata)/ (12)

where E7 is the uncorrected reconstructed energy. This also follows from Eq. 11 assuming
Elue ~ E7/(1+ S4ara) and neglecting terms proportional to O(s?,,, ). In Table 12 we summarize

both energy scale and resolution values used for the corrections in this analysis.

Eq. 11 is also used for the final correction of the simulation requiring perfect scale s = 0 and
resolution equal to the one in data r = rgu,. Substituting the uncorrected energy scale and
resolution sy = syc and g = rvc, a per-event nominal response xg gives the corrected and
‘smeared’ response x.
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